Background: In patients with chronic obstructive pulmonary disease, all efforts should be made to prevent exacerbations because each event modifies the trajectory of the disease. Treatment recommendations are mostly built on results from randomized controlled trials (RCTs) whose methodology ensure internal validity. However, their relevance may be compromised by the lack of generalizability, due to poor representability of study populations compared to real-life patients. In order to delimit to whom the results of studies on current and future treatments apply, we sought to identify and characterize the fraction of COPD population that would be eligible for inclusion into RCTs aiming at decreasing exacerbation risk.
Background
Chronic Obstructive Pulmonary Disease (COPD) is a major public health concern worldwide due to its high prevalence, major impact on health status and elevated costs [1] [2] [3] . In most patients, the natural course of the disease is complicated by acute episodes of symptom flares called exacerbations. Frequent exacerbations, especially of the moderate and severe subtypes, have been shown to impair quality of life [4] , accelerate the decline in lung function [5] and decrease survival [6] .
Each exacerbation has the potential to alter the trajectory of the disease course, increasing the risk for subsequent events [7, 8] and shortening the time to the next event [6] . The decisive turning point may be the second severe episode, which delineates a new phase of the disease associated with higher mortality rates [6] .
Facing this, all efforts should be made to prevent COPD exacerbations [9] . Several marketed drugs have been shown to decrease the exacerbation rate, and others are currently being tested through randomized controlled trials (RCTs) for this purpose. Treatment recommendations for the management of COPD and related exacerbations are mostly built on these RCTs results [10] . For both scientific community and public opinions, the high level of evidence produced by RCTs drives treatment recommendations and labels the clinical management as "evidence-based".
However, despite a strong methodology ensuring internal validity of results, skepticism about the representativeness of such trials populations towards real-life patients has grown [11] [12] [13] [14] [15] [16] [17] [18] . As a consequence of narrow eligibility criteria, efficacy results may not apply to some patients and, more importantly, safety results may underestimate potential side effects. As a result, the importance of real-life evidence to complement RCTs has been emphasized and these study designs have been positioned within a global framework of therapeutic research [19] .
The GOLD document on COPD management [10] acknowledges that the lack of external validity may compromise the applicability of trials' results to a broader population. Nonetheless it remains difficult to set apartamong the "excluded" patients -the patients who could benefit from a treatment from those who would not.
In order to delimit to whom the results of studies on current and future treatments apply, we sought to identify and characterize patients from a well-characterized reallife hospital-based COPD cohort (Initiatives BPCO) who would be eligible for inclusion into industry-sponsored RTCs on pharmacological treatments of COPD aiming at decreasing exacerbation risk.
Methods

Patients
We used the Initiatives-BPCO French cohort, which contained 1309 patients at the time of the present analysis. Patients in this cohort were recruited under stable condition in 18 academic centers in France. Patients recruited in this cohort were aged ≥40 years with spirometry-confirmed diagnosis of COPD, as defined by post-bronchodilator FEV1/FVC < 0.7. The exclusion criteria included a predominant diagnosis of asthma, bronchiectasis, or any other significant respiratory disease. Data collection has been extensively described previously [20] . Briefly, a case-report form was used to collect in patient's medical file demographic data, smoking history, physician-diagnosed comorbidities, symptoms, dyspnea (modified Medical Research Council scale), results of pulmonary function tests, and the number of exacerbations and hospitalizations in the previous year. The cohort was approved by the Ethics Committee of Versailles, France (ref 04-479). All patients have provided informed consent for the anonymized recording and analysis of their data.
Selection of RCTs and eligibility criteria. Using clinicaltrials.com and Pubmed websites, we selected between January 2000 and December 2016 all industry-sponsored phase III and IV RCTs that enrolled more than 500 COPD patients, lasted at least 1 year and aimed at decreasing exacerbations risk. For twin studies, we kept only one study in the analysis. All the eligibility criteria used in these trials were compiled.
Analysis of eligibility of patients with COPD to RCTs
To determine whether patients recruited in the Initiatives-BPCO cohort would have been eligible to RCTs, our analysis first focused on the eligibility criteria per se. It allowed the identification of the most frequently required criteria. By applying criteria to the patients from the Initiatives-BPCO cohort, we were able to assess the share of patients fulfilling each criterion. We could then rank the most discriminating criteria.
The second analysis aimed at applying the set of criteria of each RCT to each patient from the cohort in order to assess the proportion of patients that would be eligible to join each trial (Fig. 1) .
The third and final part of the study was to distinguish the eligibility rates of different groups of RCTs differing by their phases of development, pharmacological class of tested agents and starting year.
Several data were not collected or missing in the Initiatives-BPCO database. When this occurred, participants were deemed to remain eligible by the criterion we could not assess. This decision was made in order to avoid underestimating the number of patients that would have been eligible.
All analyses were performed using GraphPad Prism version 7.03 for windows (GraphPad Software, LaJolla California USA, www.graphpad.com). Phases, pharmacological agents and starting years' comparisons were performed using Mann-Whitney test, one-way ANOVA followed by Tukey's multiple comparison and KruskalWallis tests, respectively.
Results
RCTs
The online search for trials provided 16 RCTs fulfilling our criteria (Table 1) .
From these 16 RCTs, 11 were phase III trials. The pharmacological agents tested comprised a panel consistent with the different options marketed or being developed in COPD. The distribution of trials based on their starting year covered the whole research timeframe considered for this study (Fig. 2) .
Description of eligibility criteria (Table 2) Analysis of eligibility rates Within our real-life population, eligibility for inclusion into RCTs ranged from 2.3 to 46.7% of patients depending on the trial with a mean eligibility rate of 16.5% (95% CI, 9.2-23.7).
Among all trials, a mean of 39.9% of our patients would fail because of an FEV1 outside the accepted range. Insufficient exacerbation rate during the previous year would be responsible for the exclusion of 36.7% of patients. Smoking history criteria would be responsible for the exclusion of patients with a cumulative consumption lower than required (16.8% of patients). The fourth and fifth most selecting criteria would be comorbidity-related exclusion criteria: cardiovascular comorbidities and asthma restrictions leading to the ineligibility of 16.1 and 11.5% of patients respectively.
The mean exclusion rates among the 16 trials for criteria related to oxygen therapy, allergic status, diabetes, age, oral corticosteroids intake, upper limit of exacerbations annual rate and history of lung transplant would be less than 6%. (Fig. 3) .
Eligibility rates in subgroups of trials
Phase IV trials (n = 5) have a mean eligibility rate of 10.3% while phase III trials (n = 11) have a mean eligibility rate of 19.3%. These results are shown in Fig. 4 along with eligibility rates by pharmacological class of tested agents and starting year of RCTs.
Discussion
In this large cohort of 1309 well-characterized and followed-up COPD patients from French centers, a majority of patients would not be eligible for enrolment into RCTs assessing the efficacy of pharmaceutical intervention for COPD exacerbations. Importantly, our study described precisely the main reasons for ineligibility in these real-life patients with COPD and illustrate their evolution over 16 years. These data may contribute to the design of future RCTs with the aim of limiting exclusion of patients.
One limitation is the use of an academic cohort as the "real-life" reference. Moreover, enrollment in our cohort is itself limited by some eligibility criteria. We focused on the trials aiming at decreasing the exacerbation risk because they require the enrolment of patients experiencing a. maximum FEV1 was required to be met post bronchodilator in 13 trials, pre bronchodilator in 1 trial. Timing of measurement was not specified in 2 trials b. None of the trials set a maximum number of exacerbations but some did not allow study participation if an event occurent 2 weeks, 4 weeks or 6 weeks before enrolment. In these trials we excluded patient who experienced more than 24, 12 or 9 events in the previous year, respectively c. Excluding pharmacological contraindications with study drugs d. Inclusion of patients with unstable or seriously significant disease of any kind was forbidden. Here are presented severe exacerbations, the patients observed from our cohort being closer to the target population. We must however acknowledge the potential gap between our cohort and real-life patients. Thus, our eligibility rates may be overestimated but this will not bias our conclusions.
Our findings of eligibility rates ranging from 2.3 to 46.7% with a mean of 16.5% are consistent with previously published results: we identified 6 studies dealing with external validity of COPD randomized controlled trials over the last two decades [11] [12] [13] [14] [15] [16] . None of them focused specifically on trials aiming at decreasing exacerbation rates but our results are clearly complementary with theirs. Herland applied a limited set of criteria from a fictive "typical RCT" to 366 patients [14] . They found a share of 17.2% of potentially eligible patients. These results are consistent with those obtained by Kruis (17 to 42% out of 3508 patients from 7 European primary care databases would have been eligible to enter 6 large industrial RCTs [15] ) and our own results. Halpin found eligibility rates ranging from 3.5 to 57.6% of 36,893 patients from primary and secondary care [11] .
Scichilone and Travers both focused on RCTs supporting the old GOLD guidelines for management of COPD in a hospital cohort [12] and in general population [13] . Eligibility rates of 16.9% and 0 to 9% respectively show worryingly the impact of the lack of representativity on the recommendations of patients management at the collective level. These results point the poor external validity of many RCTs.
One other limitation is the existence of uncollected data. In this case, a patient was considered fulfilling the missing criterion. This could have resulted in overestimating the eligibility rates. However, with higher eligibility rates than actual rates, our conclusions would even be strengthened. Moreover, we only considered eligibility Some eligibility criteria may have a limited impact on external validity: excluding patients who previously participated in rehabilitation program for example may not exclude a specific sub-population.
Some other criteria are selecting but relevant with regard to the primary endpoint. We focused on RCTs aiming at decreasing the exacerbation risk, which makes it appropriate to enroll patients with a history of exacerbation(s). We must however mention that considering the study primary efficacy endpoint is crucial in the extrapolation of results to a patient. Rothnie and colleagues recently show that almost 52% of COPD patients do not exacerbate in the first year of follow up and that a 26% do not exacerbate during a 10 years follow up. Treating these patients with medications that only prove their efficacy on exacerbation rate would not be relevant, but it remains difficult if not impossible to predict the risk of exacerbation accurately on an individual basis [21] .
In contrast, some other eligibility criteria are responsible for the exclusion of important sub-populations of patients whose COPD exacerbations triggers and pathophysiology may differ from the ones of enrolled patients.
To illustrate this point, three groups of criteria require particular attention:
First, a selective FEV1-related criterion is set in 94% of RCTs and would be responsible for the exclusion of 39.9% of patients from our database. Only one trial allowed the enrollment of patients with mild airflow limitation. To assess medications aiming at decreasing exacerbation risk, most RCTs only allowed the enrollment of patients with severe airflow obstruction, which is not necessarily correlated to exacerbation risk. Another interesting finding of Kruis is the proportion of frequent exacerbators among GOLD 1 patients: 12% are frequent exacerbators with ≥ 2 events a year. 34% have at least 1 event a year. Woodruff has similar findings pointing that COPD exacerbations and symptoms may occur in patient with preserved pulmonary function [22] . We cannot assume that RCTs results are extrapolatable to these patients.
The second set of criteria is related to the potential risk factors for COPD. In 94% of RCTs in our analysis, only current or former smokers were enrolled. There is no doubt as to the responsibility of tobacco as a risk factor in COPD. However, it is reductive to consider only this risk factor in drug development as COPD may develop in never smokers (up to 27% in some studies) [23] [24] [25] .
Similarly, wheezing and a past history of asthma have been shown to be major risk factors for COPD exacerbations [8, 26] . These patients are excluded from 87% of RCTs in our study. Thus, patients with an Asthma-COPD overlap are not considered in COPD studies. They are also excluded from asthma studies [18] which makes it difficult to define their management in an evidence-based manner.
Because patients are excluded from RCTs based on risk factors, the pharmaceutical industry does not consider the heterogeneity of patients with COPD in the development of medications [27] . As a correlate, this aspect is poorly considered either during the registration process by regulatory authorities. Pathophysiological mechanisms may differ and we cannot assume that RCTs results apply to COPD phenotypes in which they have not been tested.
Lastly, the set of exclusion criteria related to comorbidities raises additional concerns about the applicability of patients' outcomes in RCTs to real-life situations. Cardiovascular comorbidities as well as atopy and diabetes are common barriers to inclusion. These are also highly prevalent in COPD patients, associated to worse outcomes and to different response to therapy. If allergic status and diabetes rates are consistent with previous epidemiologic studies, we found lower cardiovascular comorbidities proportions in our cohort than previously reported [28, 29] while these where not exclusion criteria to enter the initiatives-BPCO cohort. Only arterial hypertension, heart failure, myocardial infarction and arrhythmias were collected in our database.
Several comorbidities have been shown to be associated with the "frequent exacerbator" phenotype and to increase the exacerbation risk [30] . This is particularly the case for heart failure, asthma and diabetes, which are all frequent exclusion criteria in RCTs in our study. Excluding patients with higher exacerbation risk is then questionable in studies aiming at decreasing exacerbation risk.
All these restrictions in RCTs lead to poor external validity. It is common belief to think that this gap between trials and real-life populations exists more in phase III than in phase IV trials. We found that phase 4 are also poorly representative.
We could then hypothesize that meta-analyses could help increasing the applicability of results to patients excluded in some but not all studies. However, our results highlight important similarities of eligibility criteria among RCTs. Consequently, tested populations are very homogeneous and meta-analyses cannot fully bridge the gap.
These results emphasize the need for high quality reallife therapeutic research to complement RCTs and determine whether, to which extent and in whom efficacy results translate into real-life effectiveness [31] .
Conclusion
Our study shows that a majority of real-life COPD patients are not eligible for inclusion in RCTs assessing the effects of therapeutic intervention on COPD exacerbations. The excluded populations may present distinct triggers for exacerbations and we cannot assume the applicability of study results to these patients.
This important gap between real-life patients and clinical trials populations limits the external validity of RCTs and therefore should be considered when grading levels of evidence and designing future studies to ensure evidence-based medical decision-making. 
